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The role of photon angular momentum in laser-induced demagnetization of Nickel thin films is
investigated by means of pump-probe time-resolved magneto-optical Kerr effect in the polar geome-
try. The recorded data display a strong dependency on pump helicity during pump-probe temporal
overlap, which is shown to be of non-magnetic origin. By accurately fitting the demagnetization
curves we also show that demagnetization time τM and electron-phonon equilibration time τE are
not affected by pump-helicity. Thereby our results do not support direct transfer of angular mo-
mentum between photons and spins to be relevant for the demagnetization process. This suggests,
in agreement with the microscopic model that we recently presented, that the source of angular
momentum could be phonons or impurities rather than laser photons as required in the microscopic
model proposed by Zhang and Hu¨bner.
PACS numbers: 75.40.Gb, 75.70.Ak, 78.20.Ls
Since the discovery by Beaurepaire et al. that excita-
tion by femtosecond laser pulses can induce a demagne-
tization in a Nickel thin film on a sub-picosecond time
scale [1], laser induced magnetization dynamics received
a growing attention [2, 3, 4, 5, 6, 7, 8]. The possibil-
ity of optically manipulating spins on such an ultrafast
time scale offers, indeed, many potential applications in
technology, e.g. in magneto-optical recording industry.
Beside the technological relevance, research in this field
is motivated by scientific interest, the microscopic mecha-
nisms that lead to ultrafast magnetization response being
not yet fully understood.
Recently we presented a microscopic model that suc-
cessfully explains the demagnetization process in terms of
phonon- or impurity-mediated Elliot-Yafet type electron-
electron spin-flip scattering, phonons and impurities pro-
viding the required transfer of angular momentum to the
spins. Interestingly, the model also predicts a simple re-
lation between two apparently unrelated parameters, the
demagnetization time τM (i.e. the time scale that char-
acterizes the magnetization loss triggered by laser exci-
tation) and the Gilbert damping α [9]. Using a different
approach, Zhang and Hu¨bner (ZH) attempted to explain
the demagnetization process as the result of the com-
bined action of spin orbit coupling (SOC) and the inter-
action between spins and laser photons [10]. The authors
disregard the role of phonons, motivated by the expec-
tation that conventional scattering mechanisms lead to
spin-lattice relaxation times of some tens of picoseconds,
too slow to account for the observed ultrafast demagne-
tization. Therefore the ZH model requires direct transfer
of angular momentum between laser photons and elec-
tron spins to be responsible for the demagnetization. It
is the aim of this paper to experimentally investigate
whether such a transfer does indeed play a major role
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in the demagnetization process.
In order to accomplish our goal, we performed optical
pump-probe experiments on a Nickel thin film, in which
we make use of circularly polarized pump pulses in the
polar geometry. The most interesting feature that dis-
tinguishes this approach from conventional pump-probe
experiments (where pump pulses are linearly polarized
or unpolarized) is that one can directly transfer not only
energy, but also angular momentum from the laser field
to the electrons.
The first to report on CP pumping polar experiments
on Ni films were Wilks et al. [11, 12]. In their investiga-
tions the authors found that the response to CP pumping
is characterized by the presence of an additional peak su-
perimposed to the conventional demagnetization curve,
centered around 0 ps delay time. The extra peak corre-
sponds to pump-probe crosscorrelation and does not af-
fect the shape of the demagnetization curve on a longer
time scale. The presence of the peak is due to the con-
tribution of the so called Specular Inverse Faraday Effect
(SIFE) and Specular Optical Kerr Effect (SOKE), and
from the variation of the peak height with pump helicity
one can derive the non-vanishing elements of the cubic
susceptibility tensor. Although the authors state that,
except for the presence of the extra peak, the demagneti-
zation signal is not affected by pump helicity, no quanti-
tative analysis is carried out in their work to support this
statement. In particular, the presence of the extra peak
could hide subtle pump-helicity dependent differences in
the demagnetization curve affecting the demagnetization
time τM .
The measurements presented in this paper, besides
confirming Wilks’ results, quantitatively show that angu-
lar momentum transfer due to CP pumping does not con-
tribute to the magnetization loss of more than ±0.01%,
nor it influences the demagnetization time.
The sample under investigation consists of a 10 nm
thick Ni film sputtered on a SiO substrate and capped
2FIG. 1: (color online) Typical
TR-MOKE response to (a) lin-
early polarized light (LP) pump-
ing and (c) right (open circles)
and left (full squares) circularly
polarized light (CP) pumping, for
an out of plane applied field of
±2kG. (b) genuine magnetiza-
tion response to LP pumping ob-
tained by averaging the curves
in (a); (d) genuine magnetiza-
tion response to right (open cir-
cles) and left (full squares) CP
pumping obtained by averaging
the corresponding right and left
CP curves in (c). The solid lines
in (b) and (d) are fits to the data
using eq. 1. Inset: schematic
representation of the experiment;
the canted magnetization forms
an angle Φ with the normal to
the surface, CP pump photons
carry a whole quantum of angu-
lar momentum ±~, probe pulses
are sensitive to Mz.
thickness of the ferromagnet has been especially chosen
to match the light penetration depth (∼ 15 nm for Ni at a
wavelenght of 785 nm) in order to uniformly heat up the
film throughout its thickness. Pump and probe pulses
have a temporal FWHM of 70 fs and are focussed onto
the same 8 µm diameter spot on the sample through a
high aperture laser objective, with a final fluence of 2 and
0.1 mJ/cm2 respectively. The laser pulses hit the sam-
ple at almost normal incidence: in this polar geometry
the probe pulses are mostly sensitive to the out of plane
component of the magnetization, Mz. A 2 kG field ap-
plied perpendicular to the film surface leads to a canted
magnetization state inducing a finite Mz, as depicted in
figure 1(inset).
In the time-resolved magneto-optical Kerr effect (TR-
MOKE) setup, a quarter waveplate inserted in the pump
beam’s path enables the tuning of pump helicity between
right circularly polarized (RCP) and left circularly po-
larized (LCP), and intermediate states. The linearly po-
larized probe pulses pass through a Photo-Elastic Mod-
ulator (PEM) before being focussed onto the sample;
the PEM modulates the polarization of the pulses from
right circular to left circular with a frequency fPEM .
After reflection off the sample the pulses are sent to a
photo-detector through another polarizer crossed with
the first; it can be shown [13] that in these conditions
the 2fPEM component of the detected signal is propor-
tional to the laser-induced changes of the Kerr rotation,
∆θ. In the time-resolved magnetization modulation spec-
troscopy (TIMMS) setup, one modulates the helicity of
the pump pulses with a PEM while probe pulses are lin-
early polarized; therefore the differences between the re-
sponses to RCP and LCP pumping are directly detected.
A more thorough description of TIMMS technique can
be found in the literature [14]; in particular it can be
shown that the 1fPEM component of the detected signal
is proportional to ∆θ. In conclusion, with the TR-MOKE
experiments we set the pump polarization and measure
the induced time-dependent demagnetization, with the
TIMMS experiments we modulate the pump polariza-
tion and measure the time-dependent differences between
the demagnetization induced by RCP pumping and LCP
pumping.
Before presenting the results, let us briefly explain the
idea behind our experiment. Considering that the macro-
scopic magnetization is given by the space average of the
atomic magnetic moments ~µ = µB(~Le + g~Se), where µB
is the Bohr magneton, ~Le and ~Se are the orbital and
spin part of electron momentum respectively, and g ≈ 2
for Nickel, it is clear that the observed demagnetization
is due to a laser induced momentum transfer from the
electrons to “somewhere else”. The allowed demagneti-
zation channels are given by conservation of total angu-
lar momentum ~J = ~Le + ~Se + ~Lph + ~Llatt, where ~Lph
and ~Llatt represent the angular momentum carried by
the photons and the phonons involved in the process re-
spectively. Therefore a demagnetization can happen due
to (i) exchange between orbital and spin part of elec-
trons’ momentum through SOC, to (ii) momentum trans-
fer from electrons to the laser field and to (iii) momentum
transfer from electrons to the lattice. According to the
ZH model interactions with the lattice should be disre-
garded and only channels (i) and (ii) should be consid-
ered as responsible for the demagnetization. Therefore
in the framework of the ZH model the magnetization re-
sponse should strongly depend of the polarization of the
pump pulses. Since CP photons carry a whole quantum
3of angular momentum ±~ along (RCP) or opposite to
(LCP) the direction of light propagation, transfer of an-
gular momentum should induce a demagnetization only
when photons helicity and magnetization are antiparallel,
while the magnetization should actually increase when
they are parallel.
Our experimental configuration, in which ~M is only
partially canted out of the sample plane, could seem in-
convenient with respect to using a sample with perpen-
dicular anisotropy. However our approach has the ad-
vantage that we can investigate the influence of pump
helicity not only on demagnetization effects (i.e. affect-
ing the modulus of ~M), but also on orientational effects
(i.e. affecting the canting angle Φ). This is particu-
larly interesting since recent experiments on garnet films
showed that direct momentum transfer between photons
and spins can non-thermally excite a coherent magneti-
zation precession [15]. However no such effects were ever
observed in our measurements, suggesting that in Nickel
the response to laser excitation is dominated by thermal
processes.
Let us now focus on our TR-MOKE experiments. The
result of a standard experiment, i.e. using linearly po-
larized light pumping, is presented in figure 1(a), where
the transient Kerr rotation normalized to its static value,
∆θ/|θ0|, is plotted . When an out of plane field of 2 kG is
applied, the Kerr rotation displays a maximum at ∼ 250
fs after laser excitation; if we reverse the field we see
that the same qualitative response with opposite sign is
obtained. The genuine magnetic response, ∆Mz/M0,z
(where M0,z represents the static value of Mz), is pro-
portional to ∆θ+ −∆θ−, the difference between the two
Kerr rotation transients corresponding to opposite field
directions, i.e. we are taking into account only the part of
the signal that changes sign upon magnetization reversal;
this is shown in figure 1(b).
The final dataset can be fitted with the following func-
tion:
− ∆Mz(t)
M0,z
=
[(
A1F (τ0, t)− (A2τE −A1τM )e
−
t
τM
τE − τM −
− τE(A1 −A2)e
−
t
τE
τE − τM
)
Θ(t) +A3δ(t)
]
⋆
⋆ Γ(t) (1)
where Γ(t) is the Gaussian laser pulse, ⋆ represents the
convolution product, Θ(t) is the step function and δ(t)
is the Dirac delta function. The fitting function of equa-
tion 1 is derived from a solution to the so called three
temperature model (3TM) in the limit of low laser flu-
ence, neglecting spin specific heat and assuming an in-
stantaneous rise of the electron temperature upon laser
excitation [16]. The 3TM provides a phenomenological
description of the demagnetization process in terms of en-
ergy redistribution among electrons, phonons and spins
upon laser excitation (see also [1]). The constant A1 rep-
resents the value of −∆Mz/M0,z after equilibrium be-
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FIG. 2: (color online) Demagnetization time τM (circles) and
electron-phonon equilibration time τE (squares) against the
orientation of the λ/4 plate: the values are nicely scattered
around averages of 74 and 454 fs respectively (solid lines)
showing no dependency on pump helicity. The error bars
(not visible for the circles) are the standard deviations.
tween electrons, spins and lattice is restored, if heat dis-
sipation through the substrate is neglected. The latter
is described by the function F (τ0, t), which depends on
the specific features of the sample under investigation (in
particular the conductive properties of the substrate) and
is characterized by the time-scale τ0 ≫ τE , τM . In our
case the data are well described by a 1/
√
t behavior, i.e.
F (τ0, t) =
1√
t
τ0
+1
. The constant A2 is proportional to
the initial electron temperature rise, and determines the
height of the maximum of the curve. The constant A3
represents the magnitude of optical artifacts taking place
during pump-probe temporal overlap that can be well
described by a delta function. The most important pa-
rameters are τE and τM ; the first describes the timescale
of electron-phonon (e-p) interaction (typically ∼ 450 fs)
that equilibrates the electron with the phonon system,
the latter describes the time-scale of the magnetization
loss (typically ∼ 100 fs).
In the specific case of the data of figure 1(b) we ob-
tained: A1 = 0.8%, A2 = 2.33%, A3 = 0.08%, τM = 73
fs [17], τE = 440 fs and τ0 = 4.2 ps. In the following sec-
tions we will only focus on the main timescales τE and
τM .
In figure 1(c) the demagnetization following RCP and
LCP light pumping is presented. As already reported in
[11, 12], when the system is pumped with CP light an
additional peak appears at 0 ps delay, superimposed to
the usual response. The extra peak does not change sign
upon magnetization reversal, while being strongly depen-
dent on pump helicity, i.e. it changes sign when pump
helicity is inverted. The origin of the peak lies in the
so called SIFE and SOKE contribution: in a simplified
picture, CP photons transfer their angular momentum to
4FIG. 3:
(color online)
TIMMS mea-
surements: the
field depen-
dent signal
after the
SIFE/SOKE
peak is due to
a correlation
between pump
helicity and
intensity (lines
are guides to
the eye).
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the electronic orbits and the enhanced orbital momentum
is then sensed by the probe beam.
Besides the presence of the additional peak, we no-
tice that a demagnetization is always observed, indepen-
dently of pump helicity, even when photons angular mo-
mentum and magnetization are parallel. This shows that
direct transfer of angular momentum between laser field
and spins is not the main mechanism giving rise to the
demagnetization process, in contrast with the predictions
of the ZH model. At this point one can wonder (i) if sub-
tle differences between the response to RCP and LCP
light can be detected, and (ii) if the time-scale of ultra-
fast demagnetization is affected by the presence of the
extra peak, i.e. if pump helicity influences τM .
In order to address point (ii) we proceed as in the linear
case by subtracting the two signals obtained at opposite
fields: as it can be seen in figure 1(d), the two curves
overlap showing no evident difference. In order to carry
out a more quantitative analysis we repeated the proce-
dure for different values of pump helicity, and fitted the
resulting curves with equation 1. The obtained values
of τM and τE are plotted as function of pump helicity
in figure 2: the data are nicely scattered around average
values τ¯M = (74± 4) fs and τ¯E = (454± 21) fs, and show
no measurable dependency on pump helicity. This is a
direct proof that the time scales of demagnetization and
e-p equilibration are not set by direct angular momentum
transfer from the laser field to the electron spins.
As for point (i), as we argued before in [4], because
of quenching of SOC, transfer of angular momentum to
the spin degree of freedom is expected to be extremely
small, of the order of
∆Mphot
M0
∼ ±0.01%, comparable
with the noise level in figure 1. Nevertheless, absorp-
tion of a circularly polarized photon leads to coherent
transfer of angular momentum to the orbital component
of the excited electronic state. Our data show, however,
that after dephasing and re-establishing of the ground
state ratio of spin and orbital momentum in the mag-
netic state, no significant transfer to the electronic sys-
tem (magnetic moment) is left. In order to detect such
a subtle difference a TIMMS modulation scheme can be
adopted. A typical dataset obtained from TIMMS mea-
surements is plotted in figure 3, the different curves cor-
responding to different applied field values. The peak
around 0 ps delay is once again the SIFE/SOKE contri-
bution, and it is independent of the applied field as one
would expect from the TR-MOKE experiments. After
the SIFE/SOKE peak, the signal goes back to zero if no
field is applied, while stabilizing to a small, though finite,
value of ±0.05% when an out of plane field of ±2 kG is
applied. If this subtle contribution came from a genuine
difference in the response to RCP and LCP pumping due
to a change in ∆Mz or Φ induced by direct transfer of an-
gular momentum, one would expect it not to change sign
upon field reversal. Therefore we conjecture that this
small contribution is actually due to a finite correlation
between pump helicity and pump intensity, due to the
not exactly perpendicular incidence and to the presence
of mirrors between the PEM and the sample. Therefore
the TIMMS measurements support the picture of a pho-
ton contribution of less than ±0.01%.
In conclusion we investigated the ultafast spin dynamic
response to CP laser light excitation in a Ni thin (10 nm)
film by means of TR-MOKE and TIMMS, aiming at a
quantitative estimate of the contribution of photons an-
gular momentum to laser-induced demagnetization. The
analysis of the data showed that the typical timescales in-
volved in a demagnetization experiment are not affected
by the polarization of the pump pulse; in particular we
determined a demagnetization time τM = (74 ± 4) fs
and an e-p equilibration time τE = (454± 21) fs. Our re-
sults not only constitute an experimental proof that pho-
ton contribution to ultrafast demagnetization in Nickel
is actually too weak to account for the observed effects,
∆Mz/M0,z ≈ 2% in the case of figure 1, but also ex-
clude that angular momentum transfer as required by
the ZH model is the main mechanism leading to sub-
picosecond demagnetization. Going back to angular mo-
mentum conservation in laser-induced demagnetization
processes, one can conclude that a phonon-based micro-
scopic mechanism should be considered. As we recently
reported, both analytical [9] and numerical [18, 19] cal-
culations based on a phonon-mediated electron-electron
spin-flip scattering process can predict the correct time
scales.
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